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Abstract 
The spatial variation of the true major, minor and thickness strains is the combined outcome of a number of material, tool, 
geometric and deformation variables (many of which cannot be measured) and their complex interactions over various levels.  
When one calculates the strain nonuniformity index from an FEM simulation, the mesh size can be expected to influence the 
value of the strain nonuniformity index leading to a wrong prediction of failure. This is similar to the effect of grid circle size 
and circle spacing in experimentally measured strain distribution. The present paper attempts to bring out a minimum mesh size 
for the critical strain nonuniformity index to remain unaffected by the meshing effects. This will enable the user to set an 
adequate level of mesh refinement during adaptive meshing without an excessive increase in the computational cost. 
Comparatively, the ‘constraint factor’, which denotes the ratio of the difference between the minor strains at the peak and the 
pole to that between the major strains at these two locations, is likely to be much less affected by the mesh size. strain 
nonuniformity index reaching a critical value is accompanied by the constraint factor moving towards zero.  
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1. Introduction  
Formability of metallic sheet is usually characterised by the forming limit diagram by virtue of its simplicity of 
application in the shopfloor. Many other failure criteria were proposed from time to time, including the work of  
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Karima et al. (1990), Melander et al. (1986) and many others. They correlated the strain distribution based metrics 
with the material properties and the shopfloor experience.  Karima et al. proposed the concept of a ‘strain 
envelope’, which was essentially, strain distribution plotted in the e1- e2 space, which enabled ready visualisation 
of the dominance of the ‘punch action’ (stretching) or the ‘die action’ (drawing). One could then obtain the right 
balance between the two. The fact that the strain envelop would change in response to a change in the forming 
conditions emphasised that the strain distribution could be decoded to predict failure and take corrective actions.  
 
1.1. Strain nonuniformity in deformation 
 
The Strain Non-uniformity Index was defined by the author to characterise the degree of nonuniformity in the 
spatial true thickness strain distribution in a ‘critical’ plane passing through points of maximum (peak) major strain 
and minimum (polar) major strain in a drawn sheet metal part. In a drawn sheet metal component, the plane 
passing through the peak major strain, least major strain and the direction of forming is taken as the critical plane. 
This is because the largest inhomogeneity in major strain distribution would be captured by such a plane. There 
usually are several points where the major strain is small or even zero. Hence for a given major strain peak in the 
part, there are several ‘critical’ planes. The thickness strain (thinning) at the peak is determined by the minor strain 
there. If the minor strain, determined by tool contact constraints is relatively small, the thickness strain is very high. 
On the other hand, if the strain path is of drawing, then high negative minor strains occur, leading to little thinning 
at the major strain peak. If the strain distribution shows uniform stretching and hence spatially uniform thinning, 
the risk of failure is usually low. It is the inhomogeneous thinning that leads to failure. Hence quantifying the 
thickness strain non-uniformity would be of interest. The cause of course, would lie in unfavourable minor strain 
distribution that led to excessive local thinning. 
The strain nonuniformity index refers to the rate of change of true thickness strain gradient that determines the 
sharpness of the strain peak. Sharper the strain peak, greater is the localization of strain. Once the strain 
nonuniformity index i.e., the sharpness of strain peak, i.e., the degree of strain localization reaches a ‘critical value’, 
the part is said to have failed. This was verified for laboratory components as well as for some industrial 
components. The critical strain nonuniformity index may be established from just a single cup test. The sharpness 
of the strain peak will vary with the element (grid circle) size. It is therefore important to quantify the critical value 
of strain nonuniformity index for different element (grid circle) sizes at which the part would just reach the 
forming limit. The details of these strain distribution based quantities have been discussed earlier by Date (2008), 
Date (2014), Date et al. (2013). 
In the present work, inferences from strain distributions in formed square cups  are drawn based on two 
quantities, namely the Strain Non-uniformity Index  and the Constraint Factor. In this paper, strain distributions of 
two different steels A and B, and two different sheet thicknesses of steel B are considered at the punch travel at 
which the Forming Limit Diagram of that material is reached /just crossed, and the corresponding value of strain 
nonuniformity index is taken as the one at failure. It will be possible using this work, to determine the critical 
strain nonuniformity index for different normalised grid sizes (element sizes) for a given status of strains relative to 
the Forming Limit Diagram. 
 
Nomenclature 
Strain nonuniformity index   Uniformity of true thickness strain distribution 
Constraint factor   Quantitative estimate of tool contact constraint on the sheet metal 
2. Effect of element size 
2.1. Analytical procedure  
Simulations of drawing square cups of size 40mm x 40mm, from round sheet metal blanks were performed 
using the AUTOFORM software. The material properties were availed from the standard materials library 
available therein.  
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The sheet metal blanks of two different thicknesses (0.7mm and 1.05mm) were meshed with element sizes 
ranging from 0.8mm to 4mm. Some of the intermediate sizes considered were 1.2, 1.6, 2, 2.5 and 3mm. Strain 
distribution (major and minor strain distribution) was obtained from the simulation when the strains just touched 
the Forming Limit Diagram. These strain distributions were analysed using the procedure outlined in [3] to arrive 
at the constraint factor and the strain nonuniformity index. 
The procedure involved identification of the critical planes, determining the nodes lying on each of the critical 
planes and calculating the constraint factor and strain nonuniformity index for each of these critical planes. 
Calculations were not performed for all critical planes, since those having too few nodes would lead to a 
misleading result. Hence a threshold value was set for eliminating planes having too few nodes. If the threshold 
value happens to be too large then there is a risk of missing out on the plane which might be most critical in reality, 
thereby leading to a misinterpretation of the results.  
 
2.2. Experimental procedure 
 
Circular blanks of 1.0mm thickness were drawn into square cups of side 40mm using different blank holder 
forces so as to create failure by localised necking. Circles of 2-3mm diameter and 3-3.5mm centre to centre 
spacing were marked on the sheet. Strain distribution along two diagonals (representing the most critical planes) 
was used to determine the maximum strain nonuniformity index, Date (2014) 
 
3. Results and Discussions 
 
The mechanical properties of the materials (Materials A & B) are given in Table 1. The number of critical 
planes and the corresponding maximum value of the strain nonuniformity index and the constraint factor are listed 
in Tables 2 and 3 for the two materials. 
 
              Table 1. Mechanical properties of the two steels. 
 
 
 
 
 
 
It is by and large seen that, for the domain investigated, larger the number of nodes (smaller the element size), 
number of critical planes understandably increase. The strain nonuniformity index is highly sensitive to element 
size at small element sizes, while it stabilizes to a constant value at element sizes above 3mm. In most grid 
marking systems the distance between two circles is of the order of 3 to 4mm. At higher element sizes (grid 
spacings) the strain nonuniformity index tends to settle to a value nearabout 0.4. This is clear from Tables 2 & 3 
and Fig. 2(a) and (b) that an element size of about 3-4mm will yield strain nonuniformity index values which are 
relatively insensitive to the element size.  
The points from the experimental result for material B have also been plotted in Fig. 2(a) and (b) for easy 
comparison. The strain non uniformity index for a higher blank holding force (leading to a failed component) 
seems to fall in line with the above.  
As seen from Tables 2 and 3, despite difference in the material properties, the maximum strain nonuniformity 
index when the strain state just touches the Forming Limit Diagram, similar magnitudes of peak strain 
nonuniformity index are obtained. This means that it is not necessary to determine the Forming Limit Diagram for 
each grade of steel. What distinguishes the two materials is the maximum major strain undergone by each. Table 4 
shows the maximum and minimum major strains undergone by the elements until the component (square cup of 
40mm x 40mm size drawn from a blank of 100mm diameter) reached the forming limit. 
 
 
Material Yield 
Strength 
(MPa) 
Ultimate Tensile Strength 
(UTS), MPa 
UTS/YS  
(at middle of the range) 
Percentage 
elongation 
A 140-240 270-370 1.684 38 
B 220-310 320-420 1.396 28 
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      Table 2. Constraint factor and strain nonuniformity index for different grid sizes, material A. 
 
 
  
 
 
 
 
 
 
 
 
 
 
      Table 3. Constraint factor and strain nonuniformity index for different grid sizes, material B. 
 
 
 
 
 
 
 
 
 
 
 
 
 
     Table 4. Distinction between materials A and B : Maximum  major strains at failure (maximum strain nonuniformity index). 
 
 
 
 
 
 
 
 
 
 
. The corresponding true thickness strains are also seen. Maximum thickness strain need not occur at the major 
strain peak. Hence the locations of major strain peak and the thickness strain peak are usually different. The strain 
distribution data were taken at the time step where the strains just reached the Forming Limit Diagram. Despite the 
small differences in the status of strains (with respect to the Forming Limit Diagram) at which the strain 
distribution was analysed, a plot of the maximum strain nonuniformity index as a function of element size 
normalised with the sheet thickness, yields an interesting result as shown in Fig. 3. 
 
 
Sr No. Element 
Size (mm) 
No. of critical  
planes 
No. of independent 
Critical planes 
Maximum 
strain 
nonuniformity 
index 
constraint 
factor 
1 0.8 66836 59490 0.56 -1.33 
2 1.2 11500 11115 0.53 -1.29 
3 1.6 5346 5079 0.52 -1.19 
4 2 1980 1890 0.497 -1.34 
5 2.5 117 113 0.47 -1.44 
6 3 2988 2844 0.5 -1.29 
7 3.5 2536 2340 0.395 -1.04 
8 4.0 696 653 0.4 -1.31 
Sr No. Element 
Size (mm) 
No. of critical  
planes 
No. of independent 
Critical planes 
Maximum 
strain 
nonuniformity 
index 
constraint 
factor 
1 0.8 119548 102866 0.53 -1.13 
2 1.2 42355 38769 0.52 -1.119 
3 1.6 22344 20264 0.50 -1.199 
4 2 6570 6293 0.497 -1.31 
5 2.5 8424 7866 0.46 -1.24 
6 3 6150 5763 0.45 -1.47 
7 3.5 1652 1572 0.45 -1.35 
8 4.0 360 346 0.41 -1.21 
Element  
Size 
Material A Material B 
 
 
Max. major 
strain 
 
Min major 
strain 
Max Thickness 
strain 
Max. major 
strain 
 
Min major 
strain 
Max Thickness 
strain 
0.8 0.58 0.004 -0.544 0.43 0.002 -0.51912 
1.2 0.54 0.006 -0.515 0.42 0.003 -0.51856 
1.6 0.55 0.0074 -0.512 0.43 0.003 -0.47827 
2 0.54 0.0071 -0.527 0.45 0.003 -0.49849 
2.5 0.53 0.01 -0.492 0.42 0.005 -0.45239 
3 0.57 0.011 -0.502 0.40 0.004 -0.45178 
3.5 0.37 0.0074 -0.412 0.48 0.007 -0.43404 
4.0 0.43 0.0072 -0.378 0.51 0.008 -0.42302 
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Three sets of data were used for the plot, namely, 0.7mm thickness for Material A and 0.7 & 1.05mm thickness 
for material B. Further, an experimental result from the just failed square cup draw has also been plotted.  
 
 
  
(a)    (b) 
Fig. 1. Status of strains with reference to Forming Limit Diagram (a) 0.8mm element size   (b) 4mm element size. Material A, cup size: 40mm 
square, sheet thickness: 0.7mm. 
 
             
 
 
 
 
 
 
                                             
Fig. 2.  Variation of (a) Strain Non-uniformity Index (strain nonuniformity index)  and (b) Constraint factor  with increasing element size for 
material A and material B. The experimental  results are plotted for two different blank holding force values for comparison. 1 – BHF = 60kN  
2 – BHF = 50kN. 
 
It is clear from Fig. 3 that the strain nonuniformity index variation with element size normalised with sheet 
thickness practically follows a single curve despite two different materials and two thicknesses being used.  A 
straight line of slope -0.037 and intercept 0.59 fits the data well. Hence, the critical strain nonuniformity index for 
an element size to sheet thickness ratio of 10 would be equal to 0.22, for instance. A similar plot for the constraint 
factor did  not show any such trend.  
 
1 
2 
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Fig. 3. Strain nonuniformity index variation with normalised element size for Material A (0.7mm thickness) and Material B (0.7 and 1.05mm 
thickness). 
Industrial components in place of square cups would serve as well. Generalisation based on industrial 
components is however likely to be shape specific, and not material specific. This way there will be no need to take 
recourse to the painstakingly determined forming limit diagrams. 
 
4. Conclusions 
From the foregoing, the following conclusions emerge : 
(1) A means (an equation) for predicting the critical strain nonuniformity index for a given element size to sheet 
thickness ratio has been presented. 
(2) With increasing element size (particularly the normalised element size), the strain nonuniformity index 
stabilises to a value of 0.4 for two materials, and two thicknesses of material B that were investigated.  
(3) The strain nonuniformity index determined from an experiment was in agreement with the trend predicted by 
the simulation.  
(4) One need not painstakingly determine an Forming Limit Diagram, since a critical value of the strain 
nonuniformity index determinable from a single square cup drawn from a circular blank (few cups for 
consistency and repeatability) is adequate to predict failure in sheet metal component. Besides, it would be 
tedious to get Forming Limit Diagram for different normalised element sizes. 
(5) It is possible to use a sheet metal component as a sample to determine the strain nonuniformity index 
corresponding to failure thereby eliminating the gap between the laboratory result and its shopfloor 
implementation.  
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